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Introduction {#sec1}
============

The tumor suppressor p53 serves to maintain genomic integrity and regulates the expression of multiple genes that are engaged in cell cycle, apoptosis and metabolism ([@bib38], [@bib69], [@bib71]), as well as immunomodulation ([@bib77]). It is inactivated in over half of all human cancers via genetic mutations, or MDM2/MDMX- or human papilloma virus (HPV) E6-mediated degradation ([@bib40], [@bib67], [@bib69]). Nevertheless, there are some tumor types where these mechanisms of p53 tumor suppressor pathway inactivation do not frequently occur at the time of diagnosis. One such tumor is neuroblastoma ([@bib44], [@bib48]), the most common pediatric extracranial solid malignancy, responsible for ∼15% of cancer deaths in children ([@bib43]).

Accumulating evidence has implicated epigenetic changes as drivers of cancer ([@bib11], [@bib14], [@bib23], [@bib28], [@bib60], [@bib68]), with many of these being due to alterations in the activity of histone lysine demethylases (KDM) ([@bib14], [@bib23], [@bib36]). Several studies indicate that histone demethylases are involved in the regulation of p53 activity. KDM1A has been shown to remove the methyl groups from lysine 370 (K370me2) of the p53 protein directly, thereby suppressing its transcriptional activity ([@bib27]). PHF2 facilitates p53-mediated cell death in response to chemotherapy ([@bib39]), whereas KDM6B can be recruited to p53-bound promoters and enhancer elements with unknown function ([@bib72]). Nevertheless, the roles of other histone demethylases in the regulation of p53 activity have not been well defined. Interestingly, a recent study has shown that methyltransferase SETD8 inhibits the p53 pathway by modulating p53K382me1 levels in high-risk neuroblastoma ([@bib66]), supporting the hypothesis that additional mechanisms may be involved in the regulation of p53 function in neuroblastoma.

KDM5A (also referred to as RBP2 or JARID1A), an H3K4me3/me2 histone demethylase ([@bib12], [@bib35]), is a potential oncogene that is highly expressed in many different cancers ([@bib6]), supports a stem-like phenotype in cancer cells ([@bib55]), and promotes therapy resistance ([@bib3], [@bib26], [@bib55]). Genetic ablation of KDM5A hinders tumorigenesis and metastasis ([@bib8], [@bib42], [@bib62]). KDM5A is also involved in tumor angiogenesis ([@bib41], [@bib49]). Interestingly, KDM5A can be fused with NUP98 in over 10.5% of pediatric acute megakaryoblastic leukemia ([@bib15], [@bib65]). A murine model demonstrated that NUP98/KDM5A is oncogenic in leukemogenesis ([@bib70]). In this study, we examined the effect of all human histone demethylases on p53 activity and found that (1) several KDMs including KDM5A play a role in modulating p53 function; (2) KDM5A is amplified in many types of cancers, an event that tends to be mutually exclusive to p53 gene mutations; (3) KDM5A is overexpressed in high-stage and high-risk neuroblastomas, is associated with a poor outcome, and is negatively correlated with expression of p53 target genes; (4) loss of KDM5A significantly enhances p53 protein accumulation and inhibits tumor growth in wild-type p53, but not mutant p53-expressing colon cancer and neuroblastoma xenograft models; and (5) KDM5A inhibits p53 protein synthesis by suppressing the expression of a subgroup of protein translation genes. We also identified a signaling pathway between KDM5A and miR-34, a p53 target gene that is frequently deleted in high-risk neuroblastomas. Thus, our findings not only support a mechanism by which KDM5A regulates p53 function but also provide a rationale for targeting KDM5A in cancers with wild-type p53.

Results {#sec2}
=======

Identification of Histone Demethylases that Modulate p53 Function {#sec2.1}
-----------------------------------------------------------------

One of the most well-characterized p53 targets is *CDKN1A* (also known as *p21*), which bears two p53 binding sites (5′RE and 3′RE) in the promoter region ([@bib74]). We therefore used a luciferase reporter carrying the 5′RE and 3′RE of *CDKN1A* to monitor changes in p53 activity that might be affected by altering histone demethylase expression ([Figure 1](#fig1){ref-type="fig"}A). We used a focused pooled small interfering RNA (siRNA) library ([@bib73]) (including 32 genes encoding JmjC domain proteins with 17 of them having histone lysine or arginine demethylase activity and 2 genes encoding FAD-dependent demethylases, KDM1A and KDM1B) to demonstrate histone demethylase activity in isogenic p53^+/+^ and p53^−/−^ HCT116 colon cancer cell lines. These isogenic cell lines allowed us to assess the p53-dependent effects only since *CDKN1A* could be activated by other p53-independent epigenetic events such as histone deacetylase (HDAC) inhibition ([@bib24]). We also transfected a Renilla luciferase reporter to serve as an internal control to normalize the *CDKN1A* firefly luciferase. We identified that depletion of *KDM4D*, *KDM5A*, *KDM6B*, *PHF2*, *PHF8*, *C14orf169,* and *JMJD4* resulted in at least a 2-fold greater induction of *CDKN1A* luciferase activity in p53^+/+^ HCT116 cells compared with p53^−/−^ HCT116 cells ([Figure 1](#fig1){ref-type="fig"}B). Here we focused on KDM5A for the reasons described below and therefore validated KDM5A-mediated p53 activity. We designed single siRNA oligos and performed RT-PCR. The results showed that depletion of KDM5A led to significant induction of *CDKN1A* in p53^+/+^ HCT116 cells ([Figure 1](#fig1){ref-type="fig"}C), consistent with the reporter assay screening.Figure 1Identification of Histone Demethylases Engaged in Regulation of p53 Function(A) Schematic showing the p21 luciferase reporter bearing two p53 binding sites that are subject to modulation by histone demethylases.(B) Screening results showing the relative luciferase activity that is driven by p53 after siRNA knockdown of the indicated genes.(C) RT-PCR for *CDKN1A* after 72-hr knockdown of *KDM5A*. Data are mean ± SEM.(D) Genetic amplification and deletion of histone demethylases across 10,844 cancers. Circled red dots indicate that gene amplification is at its peak. Cutoff q value is 0.25.(E) Contingency table for the analysis of the distribution frequency of genetic amplification/loss of KDM5A from TCGA PAN-CAN UCSC datasets.(F) Amplification of *KDM5A* or *MDM2* and *TP53* mutations from TCGA PAN-CAN UCSC data. Chi-square test for statistical analyses, p \< 0.001.(G) The genetic alteration of *TP53*, *MDM2*, *KDM5A*, and *CDKN2A* from five cancer cohort data.(H) The association of genetic alteration of *TP53*, *MDM2*, *KDM5A*, and *CDKN2A* from five cancer cohort datasets.

KDM5A Is Amplified in Several Different Cancers and Is Negatively Correlated with p53 Genetic Mutations {#sec2.2}
-------------------------------------------------------------------------------------------------------

To assess whether any genomic alterations of the KDMs were associated with changes in p53 function, we first examined the genomic amplification or loss of KDMs, since these are important mechanisms by which cancer cells activate proto-oncogenes or inactivate tumor suppressors, using the Tumorscape program, which has high-resolution copy number data amassed from multiple cancer types (all generated through TCGA) ([@bib4]). We found that the *KDM5A* gene was significantly focally amplified across the entire dataset of 10,844 tumors and was located within a focal peak region of the amplicons (q value = 1.91 × 10^−33^) ([Figure 1](#fig1){ref-type="fig"}D and [Table S1](#mmc1){ref-type="supplementary-material"}). *KDM5A* is significantly focally amplified in 12 of 33 independent cancer types ([Table S2](#mmc1){ref-type="supplementary-material"}). Among these, it is located within a focal peak region of amplification in 11 cancer types ([Table S2](#mmc1){ref-type="supplementary-material"}). Interestingly, after analysis of the tumors from TCGA-PAN cancer data that were well characterized for genetic alterations of *KDM5A*, *MDM2,* and *TP53,* we found that *KDM5A* is significantly associated with genetic mutations of TP53 ([Figure 1](#fig1){ref-type="fig"}E). Interestingly, tumors with *KDM5A* amplification tended to be enriched with wild-type p53 when compared with those with *KDM5A* loss ([Figures 1](#fig1){ref-type="fig"}E and 1F and [Table S3](#mmc2){ref-type="supplementary-material"}), similar to *MDM2* amplification/loss ([Figure 1](#fig1){ref-type="fig"}F). Furthermore, by using the cBioPortal program ([@bib9], [@bib21]) we combined five different types of cancer cohorts that had higher incidence of KDM5A amplification (\>5%, [Figure S1](#mmc1){ref-type="supplementary-material"}A) for analyses of genetic alteration data of *TP53*, *KDM5A*, *MDM2,* and *CDKN2A* (*P14ARF*) ([Figure 1](#fig1){ref-type="fig"}G). p14Arf is a classical tumor suppressor that antagonizes MDM2, thereby playing an important role in regulating p53 protein expression ([@bib29], [@bib58], [@bib76]). Among these genetic alterations, despite a tendency of co-occurrence genetic events between *KDM5A* and *MDM2* ([Figure 1](#fig1){ref-type="fig"}H), *KDM5A* and *MDM2* amplification tended to be mutually exclusive to *TP53* mutations ([Figure 1](#fig1){ref-type="fig"}H). These genetic data suggest that, given the prevalence of its amplification in a variety of human cancers but the negative enrichment with p53 mutations, *KDM5A* might be a potential proto-oncogene in some types of cancers and may act on the p53 signaling pathway.

KDM5A Overexpression Occurs in High-Stage and High-Risk Neuroblastoma and Is Associated with a Poor Prognosis {#sec2.3}
-------------------------------------------------------------------------------------------------------------

The genetic amplification of oncogenes often leads to mRNA overexpression. We assumed that aberrant overexpression of *KDM5A* through mechanisms other than amplification may also be negatively correlated with p53 function. Neuroblastoma, the most common extracranial solid cancer in childhood, rarely bears genetic alterations of p53 (as well as p14Arf or MDM2) at diagnosis ([@bib44], [@bib48]). We, therefore, speculated that KDM5A might be important in neuroblastoma pathogenesis by suppressing p53 activity. Although amplification of KDM5A does not appear to be a common event in neuroblastoma, overexpression of the *KDM5A* gene was significantly higher in patients with stage 4 disease than in those with other stages, according to the RNA sequencing (RNA-seq) data from a cohort of 498 patients ([@bib59]) ([Figure 2](#fig2){ref-type="fig"}A). *KDM5A* was also significantly overexpressed in high-risk disease ([Figure 2](#fig2){ref-type="fig"}B). In addition, Kaplan-Meier analysis showed that high *KDM5A* expression (median value as a cutoff for *KDM5A* expression levels) was associated with poor outcome in children with neuroblastoma ([Figure 2](#fig2){ref-type="fig"}C).Figure 2KDM5A Inhibits p53 Function in Neuroblastoma(A) *KDM5A* expression in different International Neuroblastoma Staging System (INSS) stages of neuroblastoma (Cohort SEQC, [GSE62564](ncbi-geo:GSE62564){#intref0035}).(B) *KDM5A* expression in low- and high-risk neuroblastomas (Cohort SEQC, [GSE62564](ncbi-geo:GSE62564){#intref0040}).(C) Kaplan-Meier analysis of the association of event-free survival with *KDM5A* expression (Cohort SEQC, [GSE62564](ncbi-geo:GSE62564){#intref0045}).(D) GSEA shows that genes upregulated by KDM5A knockdown in NB-1691 cells is associated with a gene set of p53 targets. Western blot analysis of indicated proteins after 72-hr knockdown of KDM5A.(E) GSEA shows that genes downregulated by KDM5A knockdown in NB-1691 cells is associated with a gene set unregulated by p53 knockdown.(F and G) Western blot analysis of indicated proteins after 72-hr knockdown of KDM5A in (F) NB1-691, SK-N-SH, and IMR-32 and (G) BE2(C) cells. Band intensity was quantified by ImageJ and normalized to loading control.(H) Heatmap for gene expression of KDM5A and p53 targets from cohort [GSE45547](ncbi-geo:GSE45547){#intref0050}.(I) Spearman correlation of KDM5A and p53 target genes from cohort [GSE45547](ncbi-geo:GSE45547){#intref0055}.(J--L) Tumor volume curves of (J) NB-1691, (K) SK-N-SH, and (L) BE2(C) neuroblastoma xenografts with lentiviral-mediated shRNA knockdown of KDM5A or control (n = 5 per group). Data are mean ± SEM. Left panel shows western blot analysis of KDM5A knockdown by shRNA before tumor cell implantation. Band intensity was quantified by ImageJ and normalized to loading control. p value was calculated by ANOVA test.

KDM5A Inhibits p53 Signaling {#sec2.4}
----------------------------

Since KDM5A was highly expressed in high-risk neuroblastomas, we first characterized the function of KDM5A in neuroblastoma, by performing a global gene expression profile analysis after depletion of KDM5A in human neuroblastoma cells. Gene set enrichment analysis (GSEA) showed that depletion of KDM5A in NB-1691 cells (wild-type p53) resulted in induction of the p53 targets ([Figure 2](#fig2){ref-type="fig"}D) and negatively correlated with the gene signature upregulated after p53 knockdown ([Figure 2](#fig2){ref-type="fig"}E). However, there was no change in the p53 signaling pathways after KDM5A depletion in BE2(C) cells that have mutant p53 ([@bib64]). Western blot analysis revealed that p53 and its target p21 were both induced by depletion of KDM5A in NB-1691, SK-N-SH, and IMR32 cells ([Figure 2](#fig2){ref-type="fig"}F), three cell lines with wild-type p53. Interestingly, we also observed induction of mutant p53, but not p21, in BE2(C) cells ([Figure 2](#fig2){ref-type="fig"}G), suggesting that KDM5A overexpression correlates with reduced p53 expression regardless of its mutation status. We further assessed the correlation of KDM5A and p53 targets. We chose several well-studied p53 target genes including *CDKN1A*, *BBC3* (also named *PUMA*), *BAX,* and *GDF15*, which play important roles in cell-cycle arrest and apoptosis. The results showed that these genes were significantly negatively correlated with *KDM5A* overexpression ([Figures 2](#fig2){ref-type="fig"}H and 2I), supporting the hypothesis that KDM5A suppresses p53 function in neuroblastoma. To further assess the role of KDM5A in p53-mediated tumor suppression, we established stable KDM5A depletion using lentiviral small hairpin RNA (shRNA) in NB-1691, SK-N-SH, and BE2(C) cells for xenograft studies. Transduced cells containing the shRNAs were selected for in the presence of 1 μg/mL of puromycin to eliminate the non-transduced cells. KDM5A depletion led to significant tumor growth delay in p53 wild-type cancer cell lines NB-1691 and SK-N-SH ([Figures 2](#fig2){ref-type="fig"}J and 2K) but not the p53 mutant BE2(C) cell line ([Figure 2](#fig2){ref-type="fig"}L), in accordance with induction of p53 targets before the establishment of xenografts ([Figures 2](#fig2){ref-type="fig"}J--2L).

To address whether the above findings represented a general mechanism across different cancer lineages, we included several different types of cancer cell lines bearing wild-type p53 or no p53. First, we performed GSEA after depletion of KDM5A in p53^+/+^ and isogenic p53^−/−^ HCT116 colon cancer cells. Again, this revealed that KDM5A loss resulted in high activity of p53 pathways in p53^+/+^ HCT116 cells ([Figures 3](#fig3){ref-type="fig"}A--3C) but not in p53^−/−^ HCT116 cells ([Figure S1](#mmc1){ref-type="supplementary-material"}B). Molecular concept analysis further demonstrated that loss of KDM5A function in p53^+/+^ HCT116 cells led to the expression of genes associated with various p53 signatures, as well as chemotherapy- and ionizing-radiation-induced signatures ([Figure 3](#fig3){ref-type="fig"}D). We then assessed protein expression of p53 targets and found that p21, PUMA, TIGAR, and MDM2 were upregulated after KDM5A depletion across several types of cancer cell lines including colon cancer, osteosarcoma, and lung cancer ([Figures 3](#fig3){ref-type="fig"}E--3G), in accordance with the induced p53 protein, demonstrating the ability of KDM5A to suppress p53 signaling in a wide variety of human cancer cell lines. The induction of p53 by loss of KDM5A was further validated by knocking out KDM5A using CRISPR/Cas9 at two different genomic loci of the *KDM5A* gene from five individual clones that were derived from single cells ([Figure S1](#mmc1){ref-type="supplementary-material"}C). Conversely, overexpression of KDM5A reduced p53 expression, and its target p21 expression ([Figure 3](#fig3){ref-type="fig"}H). We further assessed the expression of KDM5A and p53 target genes in a variety of different types of cancer cohorts. The results showed that KDM5A overexpression was negatively correlated with the expression of p53 targets ([Figures 3](#fig3){ref-type="fig"}I--3L, and data not shown), suggesting that repression of p53 activity by KDM5A is common across many cancers. Consistent with the tumor suppressive functions of p53, depletion of KDM5A significantly reduced cell colony formation in p53^+/+^ but not p53^−/−^ cancer cells ([Figures S1](#mmc1){ref-type="supplementary-material"}D and S1E). We also generated lentiviral-mediated shRNA knockdown of KDM5A in isogenic p53^+/+^ and p53^−/−^ HCT116 cells ([Figure 3](#fig3){ref-type="fig"}M), which allowed us to evaluate the p53 effect more specifically. Again, depletion of KDM5A resulted in significant reduction of tumor growth in the p53^+/+^ but not in the p53^−/−^ xenografts ([Figure 3](#fig3){ref-type="fig"}M). Interestingly, after analysis of the expression of KDM5A and p53 in three HCT116 xenografts per group that were randomly chosen, we found that KDM5A re-expressed in all tumor samples of p53^+/+^ HCT116 but not in p53^−/−^ HCT116 and p53 expression was restored back to the same levels as the control ([Figure 3](#fig3){ref-type="fig"}N), suggesting that shRNA knockdown of KDM5A confers a selective pressure on p53 wild-type cells, or that it was due to selection of rare clones that were not transduced by KDM5A shRNA. We therefore hypothesize that *KDM5A* may reflect the response of cancer cells to therapies that activate the p53 pathway. Indeed, the data from the Cancer Therapeutics Response Portal ([@bib51]), which links genetic, lineage, and other cellular features of cancer cell lines to small-molecule sensitivity, showed that cancer cells expressing higher *KDM5A* were more sensitive to chemotherapeutic drugs such as etoposide, doxorubicin, and cytarabine ([Figure S1](#mmc1){ref-type="supplementary-material"}F). However, *KDM5B*, a paralog of *KDM5A*, was correlated with drug sensitivity to tyrosine kinase inhibitors and mitogen-activated protein kinase inhibitors ([Figure S1](#mmc1){ref-type="supplementary-material"}G). Taken together, these results demonstrate that KDM5A plays an important role in suppressing p53 function in neuroblastoma and other p53 wild-type-expressing tumors, further suggesting that KDM5A is a regulator of the p53 signaling pathway in most cancers if not all. Therefore, in the following studies, we mainly used the HCT116 colon cancer cell line as the model to dissect the molecular mechanism by which KDM5A regulates p53 expression because this cell line is more easily manipulated genetically and pharmacologically.Figure 3KDM5A Broadly Suppresses p53 Signaling Pathway(A) GSEA shows that genes upregulated after KDM5A depletion in p53^+/+^ HCT116 cells is associated with a gene set of Kannan TP53 targets up.(B) GSEA shows that genes upregulated after KDM5A depletion in p53^+/+^ HCT116 cells is associated with a gene set of Inga p53 targets.(C) GSEA shows that genes upregulated after KDM5A depletion in p53^+/+^ HCT116 cells is associated with a gene set of KEGG p53 signaling pathway.(D) Molecular concept analysis of genes upregulated after KDM5A depletion in p53^+/+^ HCT116 cells.(E--G) Western blot analysis with the indicated antibodies after 72-hr KDM5A depletion in (E) HCT116 (p53^+/+^ and p53^−/−^), (F) U2OS and SAOS2, and (G) A549 and H1299 cells. Band intensity was quantified by ImageJ and normalized to loading control.(H) Effect of KDM5A overexpression in HCT116 cells. Cells transfected with either an empty vector or a plasmid overexpressing KDM5A were subject to western blot analysis. Band intensity was quantified by ImageJ and normalized to loading control.(I--L) Spearman correlation of KDM5A and p53 target genes from cohort of renal cell carcinoma (I, TCGA ID: KIRC), medulloblastoma (J, [GSE85217](ncbi-geo:GSE85217){#intref0060}), uterine cancer (K, TCGA ID: UCEC), and prostate adenocarcinoma (L, TCGA ID: PRAD).(M) Tumor volume curves of isogenic p53^+/+^ and p53^−/−^ HCT116 xenografts with lentiviral-mediated shRNA knockdown of KDM5A or control (n = 5/group). Data are mean ± SEM. Left panel shows western blot analysis of KDM5A knockdown by shRNA before implantation. p value was calculated by ANOVA test.(N) Western blot analysis of KDM5A and p53 expression in three terminal tumor samples/group in p53^+/+^ and p53^−/−^ HCT116 xenografts. Band intensity was quantified by ImageJ and normalized to loading control.

KDM5A Inhibits p53 Protein Synthesis {#sec2.5}
------------------------------------

We next sought to understand the mechanism by which KDM5A regulates the p53 signaling pathway in cancer cells. To define the mechanism by which KDM5A suppresses p53 expression, we first tested whether KDM5A directly regulates p53 transcription. Real-time PCR revealed that *TP53* mRNA was modestly decreased, although *CDKN1A* was greatly upregulated by KDM5A depletion in p53 wild-type HCT116 cells ([Figure 4](#fig4){ref-type="fig"}A), suggesting that KDM5A regulates p53 expression at a post-transcriptional level. Normally, p53 is a very labile protein that is subject to proteasomal degradation ([@bib37]). In response to cellular stress, such as DNA damage, p53 undergoes post-translational modifications such as phosphorylation at serine 15 and serine 20, which result in the displacement of MDM2 from the N terminus of p53, with consequent stabilization of the p53 protein ([@bib63]). We found that the DNA-damaging agent doxorubicin induced phosphorylation of p53 Serine 15 but KDM5A depletion did not ([Figure 4](#fig4){ref-type="fig"}B), nor did it reduce the protein-protein interaction between MDM2 and p53 ([Figure 4](#fig4){ref-type="fig"}C). KDM5A knockdown also did not significantly alter the half-life of p53 when protein synthesis was blocked by cycloheximide ([Figure 4](#fig4){ref-type="fig"}D, top panel), whereas treatment of cells with doxorubicin and Nutlin-3, a compound that disrupts the p53-MDM2 interaction, significantly stabilized p53 protein ([Figure 4](#fig4){ref-type="fig"}D, bottom panel). These data suggest that KDM5A does not regulate p53 expression through MDM2-mediated degradation. Conversely, when the proteasome inhibitor MG132 was used to block p53 degradation, the amount of newly synthesized p53 protein labeled with S^35^ was much greater after KDM5A depletion, although the total newly synthesized and total protein were not ([Figures 4](#fig4){ref-type="fig"}E and [S2](#mmc1){ref-type="supplementary-material"}A), suggesting that KDM5A regulates p53 protein synthesis specifically.Figure 4KDM5A Regulates p53 Translation(A) *TP53* and *CDKN1A* mRNA assessed by RT-PCR after 72-hr knockdown of KDM5A in p53^+/+^HCT116 cells. Data are mean ± SEM. Biological triplicates with technical triplicates for each were performed for Student\'s t test. \*\*p \< 0.01.(B) Western blot after 48-hr knockdown of KDM5A in A549 cells, followed by 24-hr treatment with 1ug/mL of doxorubicin. Band intensity was quantified by ImageJ and normalized to loading control.(C) Immunoprecipitation assay for assessment of p53-MDM2 interaction after 72-hr knockdown of KDM5A in p53^+/+^ HCT116 cells. Band intensity was quantified by ImageJ and normalized to loading control.(D) Assessment of p53 half-life by western blot of protein from HCT116 cells treated with 50 μg/mL of cycloheximide after siRNA knockdown (48 hr) and 5 μM of Nutlin-3 (24 hr) or 0.5 μg/mL of doxorubicin (24hr). ImageJ was used to quantify the western blot bands for the graph on the right.(E) Pulse-chase results with S^35^ labeling of HCT116 cells in the presence of 5 μM MG132 after 48-hr KDM5A knockdown. p53 band intensity was quantified by ImageJ and normalized to total proteins.(F) A luciferase reporter assay demonstrating the effect of KDM5A on heterologous expression from a cassette bearing intact 5′UTR and -3′UTR of p53. After 24 hr siRNA knockdown of KDM5A in p53^+/+^ and p53^−/−^ HCT116 cells by reverse transfection, 2.4 μg of p53-UTR firefly luciferase reporter plasmid and 0.1 μg pRL *Renilla* Luciferase Control Reporter Vector were transfected. After 48 hr, cells were harvested for the dual luciferase assay. Data are mean ± SEM. Biological triplicates with technical triplicates for each were performed for Student\'s t test. \*\*p \< 0.01.(G) After 48-hr knockdown of KDM5A or Nutlin-3 treatment, HCT116 cells were treated with 100 nM of rocaglamide (Roc A) and 100 nM of cymarin for 24 hr. Western blot was used for assessment of p53 expression. Intensity of p53 bands with short exposure were quantified by ImageJ and normalized to loading control.

To further validate this, we used alternative approaches to assess the role of KDM5A in the regulation of p53 synthesis. First, we introduced into HCT116 cells a heterologous luciferase reporter in which the p53 coding sequence was replaced by the coding sequence for luciferase, whereas the 5′ and 3′ UTRs of p53 remained intact. The mRNA expression of this reporter was driven by a heterologous promoter, but its translation should be regulated by the same machinery as endogenous p53 because the 5′- and -3′-UTRs of p53 were intact. In these experiments, KDM5A knockdown significantly enhanced the luciferase activity in both p53^+/+^ and p53^−/−^ HCT116 cells ([Figure 4](#fig4){ref-type="fig"}F), supporting the hypothesis that KDM5A regulates p53 translation. Next, we tested the effect of two compounds, rocaglamide (Roc A) and cymarin, which specifically inhibit protein translation ([@bib17], [@bib53]). We found that when these two compounds were administered, the amount of p53 protein induced by KDM5A depletion was reduced to basal levels, without significantly downregulating p53 mRNA expression ([Figures 4](#fig4){ref-type="fig"}G and [S2](#mmc1){ref-type="supplementary-material"}B); however, the p53 protein induced by Nutlin-3 compounds (Nutlin-3b is much less potent than Nutlin-3a), was only partially affected by protein translation inhibitors ([Figure 4](#fig4){ref-type="fig"}G). These data indicate that inhibition of protein translation reduced KDM5A-depletion- but not Nutlin-3-induced (via p53 stabilization) enhanced p53 expression. Finally, we found that KDM5A depletion resulted in increased p53 expression in RC10.1 cells ([Figure S2](#mmc1){ref-type="supplementary-material"}C). Rapid degradation of p53 in this cell line normally occurs because these cells, derived from RKO cells, have been engineered to express the HPV E6 oncoprotein ([@bib32]). However, the increased p53 expression in these cells due to depletion of KDM5A partly overwhelmed the degradation by E6, allowing for the detection of p53. Taken together, these data further support our hypothesis that KDM5A inhibits p53 expression via a mechanism that is involved in p53 protein translation.

KDM5A Regulates the Expression of Genes Involved in Translation {#sec2.6}
---------------------------------------------------------------

Protein translation can be divided into four phases: initiation, elongation, termination, and ribosome recycling ([@bib5]). We sought to determine at what phase KDM5A was acting. Translation initiation is the most important and complicated step of the translation process and involves many factors and multiple complexes ([Figure 5](#fig5){ref-type="fig"}A). Our gene expression profiling analysis revealed that KDM5A depletion resulted in upregulation of a signature containing genes involved in translation initiation but not other steps of translation ([Figure 5](#fig5){ref-type="fig"}A), indicating that KDM5A inhibits a subgroup of translation initiation genes. We further analyzed the RNA-seq data from the PAN-CAN dataset and confirmed that expression of *KDM5A* and *EIF2B4*, *EIF5A*, and *MTIF3* were inversely correlated ([Figures 5](#fig5){ref-type="fig"}B and 5C), supporting that KDM5A suppresses the expression of these genes. To explore whether KDM5A was directly involved in the expression of these translation initiation genes, we performed chromatin immunoprecipitation sequencing (ChIP-seq) analysis to determine whether KDM5A bound these genes. Our ChIP-seq data revealed that, among the approximately 5,000 genomic regions bound by KDM5A ([Table S4](#mmc3){ref-type="supplementary-material"}), nearly 100 genes were involved in translation and many of these encoded ribosomal proteins, based on canonical signaling pathway analysis ([Table S5](#mmc4){ref-type="supplementary-material"}). Many of these proteins engage in translation initiation ([Figure 5](#fig5){ref-type="fig"}D). We also analyzed the ENCODE ChIP-seq data in which data on KDM5A genomic binding in human embryonic stem cells are available. We found that the genomic loci of these target genes bound by KDM5A were significantly correlated ([Figures 5](#fig5){ref-type="fig"}D and [S3](#mmc1){ref-type="supplementary-material"}A), which corroborated our ChIP-seq data.Figure 5KDM5A Regulates p53 Expression by Modulating Translation Initiation(A) Schematic showing the protein complexes involved in translation initiation. GSEA shows that the translation initiation pathway is upregulated by KDM5A depletion in isogenic p53^+/+^ and p53^−/−^ HCT116 cells.(B) Heatmap for gene expression of *KDM5A*, *EIF2B4*, *EIF5*, and *MTIF3* from TCGA PAN-CAN data analyzed by UCSC Xena program.(C) Spearman correlation of KDM5A and *EIF2B4*, *EIF5A*, and *MTIF3* from PAN-CAN TCGA data.(D) ChIP-seq data shows KDM5A binding at the genomic loci of translation initiation genes in HCT116 cells (pink) and human embryonic stem cells from ENCODE data (green), and H3K4me3 peaks at the genomic loci of translation initiation genes before (light blue) and after KDM5A disruption by CRISPR/Cas9 (dark blue). Peak scale of 100 for H3K4me3 and KDM5A in HCT116 cells, and 75 for KDM5A ENCODE data.(E) Western blot assessment of p53 after 72-hr depletion of KDM5A and eIF2B4 in HCT116 cells.(F) Western blot assessment of p53 expression in HCT116 cells treated with 4E1RCat for 24-hr after KDM5A depletion. Intensity of p53 bands were quantified by ImageJ and normalized to loading control.(G) RT-PCR assessing the expression of TP53 mRNA from (E). Data are mean ± SEM. Technical triplicates for each were performed.

KDM5A is a histone demethylase that removes H3K4me3/me2. To explore the role of the histone demethylase activity of KDM5A in the regulation of translation initiation genes, we removed KDM5A expression in HCT116 cells using CRISPR/Cas9 and performed ChIP-seq to assess the H3K4me3 changes. The results showed that KDM5A genomic binding sites overlapped with H3K4me3 peaks ([Figure 5](#fig5){ref-type="fig"}D and [Table S6](#mmc5){ref-type="supplementary-material"}), and deletion of KDM5A led to an increase in H3K4me3 levels at the promoter regions on these genes ([Figure 5](#fig5){ref-type="fig"}D), in line with its histone demethylase activity. Interestingly, we noticed that H3K4me3 was also upregulated at the locus of *TP53* in KDM5A KO cells ([Figure S3](#mmc1){ref-type="supplementary-material"}B), despite the mRNA levels of *TP53* not being altered in these cells ([Figure 4](#fig4){ref-type="fig"}A).

To validate whether increased translation initiation was responsible for the upregulation of p53 protein, we studied eIF2B4, the component of the eIF2 complex that regulates the assembly of the 43S pre-initiation complex (PIC) during translation initiation ([@bib5]). Knockdown of eIF2B4 prevented the induction of p53 associated with depletion of KDM5A ([Figure 5](#fig5){ref-type="fig"}E), confirming that KDM5A regulates p53 expression by modulating translation initiation. Interestingly, we also found that downregulation of 4EBP1 due to KDM5A depletion was rescued by co-depletion of eIF2B4 ([Figure 5](#fig5){ref-type="fig"}E). 4EBP1 inhibits translation initiation by competing with eIF4E, which forms a complex with eIF4A and eIF4G, called eIF4F, leading to 48S PIC assembly ([@bib5]). We therefore tested eIF4A2 function and found that loss of eIF4A2 largely rescued the phenotype of p53 induction ([Figure S3](#mmc1){ref-type="supplementary-material"}C). eIF4A2 was able to bind the p53 mRNA ([Figure S3](#mmc1){ref-type="supplementary-material"}D). We further treated cells with 4E1RCat, a compound that interferes with protein translation initiation by preventing the assembly of the eIF4F complex ([@bib78]). The data showed that 4E1Rcat largely rescued the KDM5A effect on p53 protein accumulation ([Figure 5](#fig5){ref-type="fig"}F), but had no effect on *TP53* mRNA expression ([Figure 5](#fig5){ref-type="fig"}G). To further analyze the correlation of KDM5A targets with signaling pathways, we used a connectivity map to compare the transcriptome of KDM5A with gene profiles resulting from gene knockdown, gene overexpression, or compound treatment. Despite the upregulation of a subgroup of translation genes ([Figure 5](#fig5){ref-type="fig"}A), the top hits highly correlated with KDM5A knockdown-induced transcriptomes were global protein synthesis inhibitors including emetine, verrucarin-a, and homoharringtonine ([Table S7](#mmc1){ref-type="supplementary-material"}). Taken together, these data indicate that KDM5A regulates p53 translation by modulating the expression of protein translation genes.

Enhanced p53 Protein Expression after KDM5A Deletion Is Directly Regulated through Protein Synthesis of *TP53* {#sec2.7}
--------------------------------------------------------------------------------------------------------------

Although we had used pulse-chase with S^35^ labeling to show that KDM5A regulates p53 protein synthesis ([Figure 4](#fig4){ref-type="fig"}E), we further investigated the mechanism by using two approaches: (1) polysomal profiling to assess whether *TP53* mRNA is more enriched in polysomes (high translation efficiency) than monosomes (low translation efficiency) and (2) Click-iT labeling to assess the newly synthesized p53 protein and total new proteins after KDM5A knockout ([Figure 6](#fig6){ref-type="fig"}). The results showed that p53 expression was greatly increased after KDM5A knockout ([Figure 6](#fig6){ref-type="fig"}A), consistent with results obtained by siRNA and shRNA of KDM5A. We then used a sucrose gradient (5%--50% of sucrose) method to perform the polysome fractionation ([Figure 6](#fig6){ref-type="fig"}B) and extracted total RNA from each fraction ([Figure 6](#fig6){ref-type="fig"}C), followed by quantification of the percentage of *TP53* mRNA in each fraction ([Figure 6](#fig6){ref-type="fig"}D). Indeed, KDM5A deletion resulted in an enrichment of *TP53* mRNA in the heavy polysome fractions ([Figure 6](#fig6){ref-type="fig"}D), suggesting a higher rate of p53 protein synthesis. Importantly, KDM5A knockout had no effect on the total steady-state p53 mRNA levels ([Figure 6](#fig6){ref-type="fig"}E).Figure 6Enhanced p53 Protein Expression after KDM5A Deletion Is Directly Regulated by Protein Synthesis of *TP53*(A) Western blot analysis of p53 and p21 proteins in KDM5A knockout HCT116 cells compared with HCT116 control cells.(B) Schematic representation of sucrose separation of polysomes.(C) Absorbance at 260 nm for all aligned polysome fractions (1--13). Values for HCT116 control cells or KDM5A knockout (KO) cells are shown as green or pink lines, respectively.(D) Distribution of *TP53* mRNA in each fraction of the polysome profile of either HCT116 control cells (green) or KDM5A-KO cells (pink). Values are represented as a percentage of *TP53* mRNA for a single fraction and as a percentage of the total *TP53* mRNA across all fractions. Data are mean ± SEM.(E) The steady-state *TP53* mRNA levels from control and KDM5A-KO input samples compared with 18S RNA. Technical triplicates for each were performed.(F) Schematic representation for Click-iT metabolic labeling of newly synthesized proteins.(G) AHA-labeled cells underwent the "Click-iT" either with or without biotin added. Increased biotinylated p53 is shown compared with total p53 protein immunoprecipitated (upper panel). Western blot analysis of input samples before immunoprecipitation (lower panel). Biotin or p53 band intensity in KDM5A knockout cells was quantified by ImageJ and normalized to controls.(H) Total biotinylated protein comparing KDM5A-KO cells and control cells. Intensity of the biotin bands were quantified by ImageJ and normalized to loading control.

The Click-iT labeling, a similar approach to S^35^ pulse labeling, uses a methionine analog L-azidohomoalanine (AHA) to label newly synthesized proteins after methionine-free medium starvation ([Figure 6](#fig6){ref-type="fig"}F). Then a Click-iT chemistry-based reaction brings the alkyne-modified biotin to the AHA-incorporated polypeptides. The total p53 proteins, including old (non-labeled) and new (labeled) proteins, are immunoprecipitated, followed by immunoblotting for biotin and p53. The biotin antibody only detects newly synthesized p53 that was pulled down. Consistent with S^35^ radioactive labeling, the Click-iT labeling assay also showed that p53 protein synthesis was increased by KDM5A knockout ([Figure 6](#fig6){ref-type="fig"}G). However, the total new proteins were not affected by KDM5A deletion ([Figure 6](#fig6){ref-type="fig"}H), similar to what we have seen previously ([Figure 4](#fig4){ref-type="fig"}E). These data indicate that KDM5A specifically regulates p53 protein translation by modulating its mRNA protein synthesis.

miR-34 Inhibits KDM5A Expression {#sec2.8}
--------------------------------

Despite the importance of KDM5A, how it is regulated in cells is not clear. To determine what genetic factors might, in turn, regulate KDM5A expression, we analyzed published neuroblastoma microarray datasets with well-characterized genetic lesions and found that upregulation of KDM5A is correlated with loss of heterozygosity (LOH) of 1p36 and 11q23 in patients with neuroblastoma ([Figure 7](#fig7){ref-type="fig"}A). Interestingly, members of the miR-34 family of microRNAs (miRNAs), known to be direct targets of p53 ([@bib25]) and mimics of which were being tested in a clinical trial for hepatocellular carcinoma, reside within these regions; miR-34a is located on chromosome 1p36, whereas its paralogs, the miR-34b/c cluster, is located on chromosome 11q23. LOH or silencing in either or both of these regions is common in a variety of human cancers ([@bib2]), including neuroblastoma ([@bib1]), suggesting that these miRNAs may have a critical role in oncogenesis as tumor suppressors ([@bib2]). To assess the functional link between miR-34 and KDM5A, we introduced miR-34 precursors into several neuroblastoma cell lines. Western blot analysis on protein from transfected cells showed that expression of KDM5A was downregulated by miR-34, suggesting that miR-34 targets KDM5A ([Figure 7](#fig7){ref-type="fig"}B). To further confirm the specificity of miR-34 in the regulation of KDM5A expression, we used an anti-miR to block miR-34 function, resulting in rescue of the expression of KDM5A ([Figure 7](#fig7){ref-type="fig"}C). The BE2(C) cell line has no detectable miR-34 expression (data not shown), and thus, introduction of anti-miR-34 into these cells has little effect on KDM5A expression.Figure 7A Regulatory Feedback Loop between miR-34 and KDM5A(A) The association of KDM5A gene expression in neuroblastomas ([GSE3960](ncbi-geo:GSE3960){#intref0065} dataset) with LOH of 1p36 and/or 11q23 analyzed by Student\'s t test in the Prism program.(B) Western blot assessing KDM5A expression in neuroblastoma cells transfected with miR-34 precursors for 72 hr. Band intensity was quantified by ImageJ and normalized to loading control.(C) BE2(C) cells were transfected with miR-34 and anti-miRs for western blot analysis. Band intensity was quantified by ImageJ and normalized to loading control.(D) HCT116 and RKO cells were transfected with p53 siRNA, followed by 48 hr of 5 μM Nutlin-3 treatment and analyzed by western blot. Band intensity was quantified by ImageJ and normalized to loading control.(E and F) RT-PCR analysis of miR-34 expression in HCT116 (E) and RKO (F) from the same experiment as (D). Data are mean ± SEM.(G) Western blot analysis of p53 and KDM5A expression after 72-hr transfection of miR-34. Band intensity was quantified by ImageJ and normalized to loading control.(H) RT-PCR to assess miR-34 expression in isogenic p53^+/+^ and p53^−/−^ HCT116 cells 48 hr after siRNA-mediated knockdown of KDM5A. Data are mean ± SEM.(I) A working model of the interactions between the KDM5A and p53 signaling pathways.

To determine whether the induction of miR-34, through activation of p53, was able to recapitulate the signature of direct introduction of miR-34 precursors, HCT116 and RKO cells were treated with Nutlin-3 or doxorubicin ([Figures 7](#fig7){ref-type="fig"}D and [S4](#mmc1){ref-type="supplementary-material"}A). Induction of p53 resulted in upregulation of miR-34 ([Figures 7](#fig7){ref-type="fig"}E and 7F) and concomitantly, downregulation of KDM5A ([Figure 7](#fig7){ref-type="fig"}D). Importantly, this was p53 dependent as depletion of p53 rescued the phenotype ([Figures 7](#fig7){ref-type="fig"}D--7F). We also found that activation of p53 in the neuroblastoma cell line NB-1691 caused upregulation of miR-34, but knockdown of p53 in these cells diminished these effects ([Figure S4](#mmc1){ref-type="supplementary-material"}B), indicating a general mechanism. Importantly, introduction of miR-34 into HCT116 cells significantly upregulated p53 expression ([Figure 7](#fig7){ref-type="fig"}G). These data support our findings that miR-34 targets KDM5A through a p53-dependent process and suggest that a feedback loop exists. Indeed, KDM5A also regulated miR-34 in a p53-dependent manner with KDM5A knockdown resulting in miR-34 induction in p53^+/+^ but not in p53^−/−^ cells ([Figure 7](#fig7){ref-type="fig"}H). Moreover, genes regulated by KDM5A were significantly enriched in the miR-34b/c signature revealed by GSEA analysis, further supporting the relationship between miR-34 and KDM5A ([Figure S4](#mmc1){ref-type="supplementary-material"}C). In addition, we confirmed that KDM5B, another member of KDM5 family, was not affected by either doxorubicin or p53 knockdown ([Figure S4](#mmc1){ref-type="supplementary-material"}D), indicating that KDM5A is specifically involved in the p53 pathway.

Discussion {#sec3}
==========

p53 is commonly mutated in many different types of cancer. In addition, the classical p14Arf-MDM2 pathway plays an important role in regulating p53 protein expression ([@bib29], [@bib58], [@bib76]); this pathway is frequently deregulated in cancer. Nevertheless, some types of cancers such as neuroblastoma rarely bear p53 somatic mutations or alterations of the p14Arf-MDM2 pathway ([@bib44], [@bib48]), indicating that other mechanisms may exist that suppress p53 function in these cancers ([@bib66]). With the identification of the first true histone demethylase KDM1A/LSD1 ([@bib56]), which is able to modulate p53 methylation, another class of JmjC histone demethylases has been shown to be deregulated in multiple cancers ([@bib30]). However, the roles and working mechanisms of these histone demethylases in cancer have not been fully characterized. In this study, we identified several histone demethylases (KDM4D, KDM5A, KDM6B, PHF2, PHF8) and two additional JmjC-domain-containing proteins (C14orf169 and JMJD4) that are involved in regulating p53 activity. KDM4D is an H3K9me3/me2 demethylase and is able to induce p21 expression ([@bib34]). However, overexpression of KDM4D causes global demethylation of H3K9me3, which may result in DNA damage and subsequent p53 activation. Similarly, loss of KDM4D may also result in a DNA damage response ([@bib33]), and thus, activation of p53. KDM6B is an H3K27me3/me2 demethylase and can be recruited to p53-bound promoters and enhancer elements with unknown function ([@bib72]). It is possible that KDM6B suppresses p53 function in this scenario. Although the histone demethylase activity of PHF2 is not definite, it has been shown to facilitate p53-mediated cell death in response to chemotherapy ([@bib39]). PHF8 is an H3K9me2/me1 and H4K20me1 demethylase, but how it regulates p53 activity needs further studies. C14orf169 and JMJD4 may not have histone demethylase activity, and no previous studies show that they are involved in p53 function.

Although most genetic mutations in the coding sequences of *TP53* disrupt the functions of p53, a rare polymorphism (rs78378222) in the 3′-UTR of *TP53*, which affects p53 protein translation, was found to confer susceptibility to multiple cancers, including neuroblastoma ([@bib18], [@bib57]). These data suggest that repression of p53 protein translation contributes to oncogenesis. Here we found that the histone demethylase KDM5A was amplified in many types of cancers, and this was negatively correlated with *TP53* mutation when compared with KDM5A loss. Most interestingly, we found that KDM5A regulates p53 function by inhibiting p53 protein translation, which may explain why KDM5A amplification is negatively correlated with *TP53* mutation. A previous study had shown that ribosomal protein L26 (RPL26) and nucleolin could bind the 5′-UTR of p53 mRNA to control p53 translation and induction after DNA damage ([@bib61]). RNPC1 has been reported to repress p53 translation in lymphomas ([@bib75]). However, our data did not show a significant change in RNPC1, RPL26, or nucleolin expression after depletion of KDM5A, and loss of KDM5A did not induce a significant DNA damage response as assessed by measuring phosphorylated p53, suggesting that KDM5A works through a different mechanism. Indeed, KDM5A negatively regulated a subgroup of genes that are involved in translation initiation such as EIF5A and EIF2B4. Since depletion or knockout of KDM5A had no effect on global protein synthesis based on the assessment of newly synthesized proteins by using S^35^ labeling ([Figure 4](#fig4){ref-type="fig"}E) and Click-iT labeling technology ([Figure 6](#fig6){ref-type="fig"}), we speculate that two possible mechanisms (which are not mutually exclusive) may account for p53 synthesis regulated by KDM5A: (1) KDM5A regulates a specific program that alters the stoichiometry of translational complex components such as EIF2B4, leading to the activation of a specific translation machinery that promotes p53 synthesis. (2) Specific secondary structures of *TP53* mRNA, as reported previously ([@bib7], [@bib20], [@bib50]), respond to the translation machinery induced by KDM5A. However, other additional mechanisms may exist; hence more studies are needed. In addition, whether there are other mRNAs whose translation is subject to KDM5A knockdown needs to be determined in the future.

Interestingly, by mining a database of a genome-scale genetic interaction map in yeast ([@bib13]), we found that there was a positive genetic interaction between *TIF5* and *JHD2*, the homologs of *eIF5* and *KDM5A* in mammals; that is, the phenotype of *TIF5* mutant was partially rescued by *JHD2* mutation. Translation initiation factor eIF5 functions to regulate eIF2 activity. Although yeast does not have the p53 tumor suppressor gene, this may indicate that there is an evolutionarily conserved function for KDM5A in the regulation of protein translation. Consistent with the regulatory mechanism of KDM5A, expression of mutant p53 is also enhanced by loss of KDM5A. Mutation in p53 can be seen as a late event in multiple recurrent, chemotherapy-resistant cancers such as neuroblastoma ([@bib31]), and mutant p53 may have additional, direct oncogenic actions that are different from the results of inhibiting p53 signaling early on in tumor progression ([@bib45]). Considering the context-dependent features of epigenetic modifiers in cancer, under some circumstances, loss of function of KDM5A might afford an additional growth advantage to affected cells with mutant p53. Despite the observation that *KDM5A* amplification tends to be mutually exclusive to *TP53* mutation, there were a fraction of tumors showing co-occurrence of *KDM5A* amplification and *TP53* mutation. This may suggest that either KDM5A has p53-independent function or that amplification of *KDM5A* confers selective pressure on p53, leading to p53 mutation during cancer progression. Nevertheless, genetic deletion of *p14Arf* and amplification of *MDM2*, two classical modulators of p53, also frequently overlap with *TP53* mutations.

Although the mechanism by which KDM5A regulates the expression of its targets needs a deeper understanding, we found that KDM5A was located in the promoter regions of its downstream targets from both our own ChIP-seq data and ENCODE data and correlated with changes of the H3K4me3 mark, which is representative of active gene transcription. These data indicate that KDM5A directly regulates the expression of these genes. Previous studies also show that KDM5A can exert biological functions in a histone-demethylase-independent manner ([@bib8], [@bib19], [@bib54]). Whether KDM5A regulates p53 translation through its histone demethylase activity needs to be further addressed in the future by using a potent and specific inhibitor.

Although p53 significantly induces p21 after KDM5A depletion, interestingly, we observed some induction of p21 expression in p53-null cells after the loss of KDM5A. The mechanism for this also needs to be further investigated. A recent study shows that KDM5A interacts with the nucleosome remodeling and deacetylase (NuRD) complex ([@bib46]), which usually exerts gene repressive functions ([@bib16]), and HDAC is one of the core components of the NuRD complex ([@bib16]). It is well known that HDAC inhibitors induce p21 expression ([@bib24]), so we speculate that KDM5A may modulate HDAC activity to suppress p21 induction, regardless of the p53 status.

We also found that miR-34s (transcriptional targets of p53) target KDM5A expression ([Figure 7](#fig7){ref-type="fig"}). A recent study showed that miR-34 targets MDM4 ([@bib47]), which facilities MDM2-mediated function, resulting in p53 stabilization. Thus, miR-34 seems to bridge p53 protein stability and translation, thereby enhancing p53 activity ([Figure 6](#fig6){ref-type="fig"}I). Although this might suggest a feedback loop among these molecules, studies need to delve into more depth to consolidate this interesting observation.

In summary, we have identified a mechanism by which the histone demethylase KDM5A regulates p53 expression by modulating its translation initiation. Targeting KDM5A might be an option for treating p53 wild-type cancers.

Limitations of the Study {#sec3.1}
------------------------

Our study has several limitations. First, the mechanism by which KDM5A affects the expression of a set of mRNA translation factors that controls p53 synthesis needs to be further investigated. Second, other messenger RNAs, in addition to p53, are likely to be regulated by KDM5A at the translational level; this needs to be investigated in future studies. In addition, the lack of a specific small-molecule KDM5A inhibitor prevents additional validation of the effect of KDM5A inhibition on tumor growth in the xenograft model. Last, the regulation of KDM5A by miR-34 also needs further in-depth studies to understand the upregulation of p53 by miR-34.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Software Availability {#appsec1}
==============================

All microarray and deep sequencing data have been deposited in GEO under accession number: [GSE45967](ncbi-geo:GSE45967){#intref0010}, [GSE49854](ncbi-geo:GSE49854){#intref0015}, [GSE100511](ncbi-geo:GSE100511){#intref0020}, [GSE107221](ncbi-geo:GSE107221){#intref0025}.
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